We present an experimental and theoretical study of the polarization and time-resolved nonlinear dynamics of a long-wavelength single-mode linearly polarized vertical-cavity surface-emitting laser (VCSEL) subject to orthogonal optical injection. Special attention is paid to the correlation properties of both linear polarizations emitted by the VCSEL. We measure simultaneous time traces of both linearly polarized output signals for several values of the bias current, the strength of the optical injection, and the frequency detuning between master and the free-running VCSEL. Different dynamical regimes, including periodic, period doubling, and irregular dynamics, are observed for both polarizations. For positive frequency detuning we usually find that the orthogonal polarization is the only polarization that contributes to the dynamics of the total power. Only for large values of the bias current and for small values of the optical injection strength, near the border of the periodic region, have we found correlated periodic dynamics in both linear polarizations. For negative frequency detuning we find anticorrelated dynamics in both linear polarizations. The average and dispersion of the time between consecutive pulses that appear in the anticorrelated regime increase with the injected power. The irregular dynamics, characterized by broadened power spectra, is related to large values of the dispersion of the time between pulses. A good overall qualitative agreement is found between our theoretical and experimental results.
INTRODUCTION
Optical injection in semiconductor lasers has been shown to lead to a wealth of complex dynamics and bifurcations, such as period-one state, period doubling, quasiperiodicity, chaos, and injection locking [1] . Nonlinear dynamics of optically injected semiconductor lasers is interesting from a practical point of view because the period-one oscillation state is one of the potential candidates for carrying message in a radioover-fiber (RoF) system [2] . Also optical injection can be used to reduce the laser linewidth, the mode partition noise, or for enhancing the modulation bandwidth without modifying the semiconductor laser design [3] . Interest in optical injection in vertical-cavity surface-emitting lasers (VCSELs) has recently increased [4, 5] due to the inherent advantages of this type of semiconductor laser. These include single-longitudinal mode operation, circular beam profile, reduced fabrication costs, ease of fabrication of two-dimensional arrays, etc. Studies of nonlinear dynamics of optically injected semiconductor lasers have been extended to VCSELs [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] since these devices offer additional degrees of freedom, like the presence of multiple transverse modes and the direction of the emitted polarization, when compared with their edge-emitting counterparts. The behavior of these systems not only includes the previously mentioned dynamical regimes but also polarization switching (PS) and optical bistability [16] [17] [18] [19] [20] .
Early experiments considered short-wavelength devices in which the polarizations of both the VCSEL and the optical injection were parallel [6] . In this case optical injection produces similar effects to those found when light is injected in edge-emitting semiconductor lasers [6, 13] . However, more attention has been paid to a configuration in which linearly polarized light from an external laser is injected orthogonally to the linear polarization of the free-running VCSEL, the so called orthogonal optical injection [16] . In contrast with edge emitters, VCSELs have an extra degree of freedom associated to the polarization of light. The specific injection scheme with orthogonally polarized master and slave lasers produces new features, like PS, that cannot be found when dealing with parallel optical injection. Nonlinear dynamics of VCSELs under orthogonal optical injection has been experimentally and theoretically analyzed for 850 [7] [8] [9] [10] [11] [12] and 1550 nm [13] [14] [15] wavelength devices. Rich nonlinear dynamics, including period doubling, quasiperiodicity, injection locking, bistability, and chaos, have been found in short-wavelength VCSELs [7] [8] [9] [10] [11] [12] . These devices were characterized by small values of birefringence and showed PS in absence of optical injection. Analysis of 1550 nm wavelength single transverse mode VCSELs subject to orthogonal optical injection have also shown limit cycle and period doubling dynamics, injection locking, irregular behavior [13] [14] [15] , and bistability [18] [19] [20] . These long-wavelength devices were characterized by very large values of the birefringence parameter and by emission in a single linear polarization over the whole bias current range in absence of optical injection. Recent measurements of the polarizationresolved nonlinear dynamics have shown that the contribution of both linear polarizations to the dynamics of the total power depends on the sign of the frequency detuning between the injected light and the orthogonal linear polarization of the VCSEL [14] . These results were based on measurements of RF and optical spectra of both linear polarizations and of the total power. No analysis of the nonlinear dynamics was made in terms of simultaneous time traces of the power of both linear polarizations. Spectra were obtained from time averages of the signals [14] , and hence relevant information contained in the temporal domain was missed.
In this work we extend the experimental study of [14] by measuring simultaneous time traces of both linearly polarized output signals of a long-wavelength VCSEL when subject to orthogonal optical injection. We have also measured time traces of the total power. Results are presented for different values of the bias current, the strength of the optical injection, and the frequency detuning. Different dynamical regimes including periodic, period doubling, and irregular dynamics are observed for both polarizations. An analysis is given of the correlation properties between both linear polarizations. We show that anticorrelation (correlation) is found for negative (positive) frequency detuning. The same qualitative results are obtained by using the well-established spin-flip model (SFM). We use this model in order to gain insight on the origin of the uncorrelated/correlated dynamics. We show that the average and dispersion of the time between consecutive pulses that appear in the anticorrelated regime increase with the injected power. We also show that the irregular dynamics is characterized by large values of the dispersion of the time between pulses that causes large broadening of power spectra. Good qualitative agreement is found between our experimental and theoretical results.
Our paper is organized as follows. The experimental setup is described in Section 2. Polarization-resolved time traces and their correlation properties are analyzed in Sections 3 and 4, for small and large values of the bias current, respectively. In Section 4 we present our theoretical results. Finally, in Section 5, a summary and conclusions are presented.
EXPERIMENTAL SETUP
The experimental all-fiber setup is presented in Fig. 1 . The light from a tunable laser is injected into a quantum-well 1550 nm VCSEL (Raycan). Measurements are performed using the same VCSEL of [13, 14] . The VCSEL bias current and temperature are controlled by a laser driver and a temperature controller, respectively. The temperature is held constant at 298K during the experiments. A variable optical attenuator is included after the tunable laser to control the power of the optical injection. The output of the tunable laser is then injected into the VCSEL using a three-port optical circulator. Orthogonal optical injection is obtained by using a fiber polarization controller connected to the second port of the circulator. A 90=10 fiber directional coupler divides the optical path in two branches; the 10% branch is used to monitor the optical input power with a power meter, whereas the 90% output is directly connected to the VCSEL. The reflected output of the VCSEL is analyzed by connecting a 50=50 coupler to the third port of the circulator. One half of the power is used to obtain the time traces of the total power at the oscilloscope with bandwidth of 6 GHz. The oscilloscope is substituted by an electrical spectrum analyzer for measuring the RF spectrum of the total power or by an optical spectrum analyzer (OSA) for measuring the optical spectra. The other half of the power is directed to a polarization controller and a polarization beam splitter that selects the polarization direction in which the time traces or the RF spectra are measured. Simultaneous linearly polarized time traces are recorded by using two similar high-speed photodetectors (Thorlabs PDA8GS of 9 GHz bandwidth) connected to the oscilloscope. The same detectors were connected before the RF analyzer for measuring the RF spectra of both linearly polarized signals.
The L-I characteristics of the solitary VCSEL is shown in Fig. 2a of [14] . Fundamental transverse mode emission is obtained for all bias currents with a threshold current of I th ¼ 1:64 mA. The VCSEL emits in the same linear polarization (the "parallel" polarization) along the whole current range. The optical spectrum of the VCSEL biased well above threshold, 8 mA, is illustrated in Fig. 2b of [14] . Spectra with similar shapes are obtained for all bias currents. In that figure the two modes correspond to the two orthogonal polarizations of the fundamental transverse mode of the VCSEL. The main lasing polarization mode and the subsidiary mode that emits in the "orthogonal" polarization appear at wavelengths λ ∥ ¼ 1536:6 nm and λ ⊥ ¼ 1537:09 nm, respectively. The frequency splitting between the two orthogonal polarizations is 0:49 nm (61:2 GHz), very large in comparison to those reported in short-wavelength devices [14] .
EXPERIMENTAL RESULTS: SMALL BIAS CURRENT
We characterize the optical injection by its strength, given by the value of the optical power arriving at the VCSEL, P inj , and by its frequency, ν inj . We consider values of ν inj that are close to the frequency of the perpendicular polarization, ν ⊥ , the frequency detuning being Δν ¼ ν inj − ν ⊥ . The dynamical behavior of our system was summarized in [14] by using stability maps. In these maps different dynamical regimes, characterized by the RF spectra of the total power, were plotted in the P inj − Δν plane. The maps were obtained by fixing a value of Δν and increasing P inj from low values. Figure 2 shows two stability maps, obtained for bias currents of I b ¼ 4 and 8 mA but plotted in a linear horizontal scale instead of a logarithmic one [14] . In Fig. 2 the region P1 shows periodic (period 1) behavior, P2 represents period doubling dynamics, region IR corresponds to irregular dynamics, and region SL represents the stable locking range. The injected power required for PS to the orthogonal polarization of the VCSEL is also shown in Fig. 2 . When measuring these maps we considered P1 dynamics when the peak in the RF spectrum of the total power measured in the RF analyzer was 10 dB above the noise floor. A complete discussion of these diagrams was already given in [14] . We have chosen to include them in this work for the sake of clarity.
We now present in Figs. 3-6 the new results relative to the simultaneous measurement of linearly polarized temporal traces. We have chosen similar parameter values, I b , P inj , and Δν, to those of [14] in order to use the optical spectra shown in [14] in our discussion. RF spectra for the two polarizations and for the total power are shown in the left column of Fig. 3 for a fixed frequency detuning of 4 GHz, bias current of 4 mA (2:44I th ), and increasing values of P inj . The RF spectra shown in this work have been obtained by subtracting the RF spectra in the absence of light to the RF spectra with optical injection. We have done it in order to subtract the noise floor in the photodetector and RF analyzer. The corresponding simultaneous time traces of the power of both linear polarizations are shown in the right column of Fig. 3 . In all the time traces presented in this work, we also include the sum of both powers (total power). Direct measurements of time traces of the total power show a similar behavior to that shown in the figures. The cases considered in Fig. 3 are identified in Fig. 2(a) with the upper row of white stars. We first analyze the transition to P1 dynamics that appears at low values of P inj . Figure 3(a) shows that a peak in the RF spectrum of the total power begins to appear near the frequency detuning.
A similar peak appears in the RF spectrum of the orthogonal polarization power, while the spectrum corresponding to the parallel polarization is much flatter. Figure 3(b) shows that oscillations of small amplitude around the steady state characterize both linear polarizations and the total power. A clear P1 dynamics in the total and orthogonal polarized powers is obtained when increasing P inj as is shown in Figs. 3(c) and 3(d). The power of the parallel polarization is still appreciable; however, the amplitude of their oscillations is very small without contributing to the periodic dynamics of the total power. This is also seen in Fig. 3 (c) in which its RF spectrum is weak and flat. This periodic dynamics is caused by beating between the optical injection and the orthogonal mode of the VCSEL [14] . Figure 3 (e) shows that the peaks appearing at the RF spectrum have shifted to larger frequency values. This is due to the "frequency pushing" effect observed in the optical spectra [14] that is caused by the effect of the increase of P inj on the refractive index. [14] showing that PS has occurred. Operation in the SL regime is illustrated in Figs. 3(i) and 3(j). The RF spectra and time traces of the total power and of the power of both linear polarizations become flat. The amplitude of the oscillations in the time traces of the total and orthogonal polarized powers are very small. We find an optical spectrum of the total power similar to that of Fig. 4j in [14] showing that the orthogonal polarization mode of the VCSEL is stably locked to the optical injection.
The correlation properties between the power of the parallel, P ∥ ðtÞ, and the orthogonal, P ⊥ ðtÞ, linear polarizations can be discussed in terms of their cross-correlation function, defined as
where the bar means time averaging operation and
Temporal averages have been performed by using time series of 500 ns duration. The correlation between the power of the parallel and orthogonal linear polarizations is very weak for all the cases analyzed in Fig. 3 . The absolute value of the cross-correlation functions obtained for the different cases considered in Fig. 3 is always below 0.08. We now analyze in Fig. 4 the case of a negative frequency detuning, Δν ¼ −2 GHz, with the same value of the applied bias current (4 mA). The cases analyzed in shows that the power of the parallel polarization consists of a train of large amplitude pulses that are responsible for the large amplitude pulses of the total power. The shoulder that appears in the total power after those pulses is mainly due to the contribution of the orthogonally polarized mode. Figure 4 (b) shows that, after the decrease of P ⊥ , a pulse of P ∥ is fired with a certain delay. That delay is small enough for the pulse of P ∥ to still coincide with the valley 
The frequency detuning is Δν ¼ 4 GHz, and the bias current is 4 mA.
of the orthogonal power. Also the maximum of P ⊥ coincides with the absence of a pulse of P ∥ . In this way the orthogonal and parallel polarized powers are anticorrelated. Figure 4 (c) shows that, for increasing P inj values, peaks of the RF spectra of both polarizations and total power appear at a smaller value of the frequency. This is a "frequency pulling" effect due to the change of refractive index induced by the increase of P inj [14] . The qualitative behavior of P ∥ and P ⊥ shown in Fig. 4 (d) is similar to that described in Fig. 4(b) , although now the contributions of the pulses of P ∥ and P ⊥ to the amplitude peaks and shoulders of the total power, respectively, Fig. 2(a) . This dynamics is characterized by broad RF spectra in which the peaks tend to disappear as can be seen in Fig. 4(e) . A better defined peak appears near 1 GHz frequency that approximately corresponds to the inverse of hTi in Fig. 4 (f) (hTi ¼ 0:93 ns). Broadening of the RF spectra as P inj increases is related to a large increase of the interpulse time dispersion, σ T . In fact, σ T is 12, 40, and 96 ps for Figs. 4(b), 4(f), and 4(h), respectively. The shoulder that appears after the large pulse of the total power changes its shape toward a plateau with small oscillations as P inj increases [see Figs. 4(f) and 4(h)]. The main contribution to that plateau is given by the orthogonal polarization. This means that, as the PS region is approached, the VCSEL is orthogonally polarized with a constant power during a longer time. In fact PS is obtained, simultaneously to SL, by increasing slightly P inj to 65 μW.
Anticorrelation between both linear polarizations is clear from the time traces of Fig. 4 . This anticorrelation is confirmed by using the cross-correlation coefficient at τ ¼ 0, . This relative phase is not exactly π (antiphase) due to the delay of the emission of the parallel polarization pulse with respect to the decrease of the orthogonal one. Antiphase dynamics has been observed experimentally in multimode edge-emitting lasers with optical injection but at positive values of the frequency detuning [21] . Theoretical calculations in VCSELs subject to orthogonal optical injection predicted that the two linearly polarized modes are anticorrelated at the time scale of slow oscillations while they exhibit an in-phase dynamics at the fast time scale of the relaxation oscillations [22] . Very recently, excitability and self-pulsating dynamics has been analyzed in optically injected quantum-dot and quantum-well laser diodes [23, 24] . Time traces of the total power shown in Figs. 4(f) and 4(h) resemble the traces showing single-pulse excitability or self-pulsating behavior observed in [23, 24] . 
EXPERIMENTAL RESULTS: LARGE BIAS CURRENT
We now discuss the dynamics of the system when the bias current is increased to 8 mA (4:9I th ). RF spectra, and time traces are shown in Fig. 5 for a fixed frequency detuning of 5 GHz and increasing values of P inj . The cases considered in Fig . This corresponds to a slight delay of the appearance of the maximum value of the orthogonal polarization with respect to the parallel one for Fig. 5(b) . Only in the region near the border of P1 have we been able to observe correlated periodic dynamics in both linear polarizations. As we move further inside the P1 region, the RF peak corresponding to the parallel polarization disappears, while those corresponding to the orthogonal polarization and total power are maintained [14] . This situation, in which only the orthogonal polarization contributes to the dynamics of the total power, is found for all the values of P inj before SL is reached. Figures 5(e) -5(h) are two examples that illustrate this behavior. In the situation illustrated in Figs. 5(e) and 5(f), the power of the parallel polarization is still not negligible since the polarization of the VCSEL has not switched yet, as can be seen in Fig. 2(b) . A weak positive correlation is found in Fig. 5(f) : CðτÞ has a maximum value of 0.24 at τ max ¼ 0 ns. In-phase behavior of both polarizations is observed. In We now analyze the dynamics obtained for the case of a negative Δν value. Figure 6 shows RF spectra and time traces for Δν ¼ −1:5 GHz. The cases considered in Fig. 6 are identified in Fig. 2(b) with the lower row of white stars. Figures 6(a) and 6(b) illustrate the P1 dynamics obtained at low values of P inj . The qualitative behavior of both polarizations is similar to that shown in Figs. 4(a) and 4(b): maxima (shoulders) of the total power are due to the large amplitude peaks (maxima) of the parallel (orthogonal) polarization. However, the approach to the SL dynamics as P inj is increased is different to that discussed in Section 3. Figure 6 (c) shows that P2 dynamics is obtained for both linear polarizations and for the total power when increasing P inj . In fact, one of the main differences with respect to the small bias current case is the presence of P2 regions for positive and negative Δν values (see Fig. 2 ). Further increase of P inj leads to irregular behavior in both linear polarizations and in the total power as can be seen in Figs. 6(e) and 6(f). Figure 6 (f) shows that, before the SL region, time traces are much more irregular than those observed for smaller bias currents [see Fig. 4(h) ]. Two large amplitude consecutive pulses are occasionally obtained in the total power [see Fig. 6 (f) between 1 and 2 ns, between 2 and 3 ns, and after 4 ns]. The first (second) large amplitude pulse is due to a pulse of the orthogonal (parallel) polarized mode. Other parts of the time series resemble the results shown in Fig. 4(h) : for instance, sometimes a single pulse is fired in the total power. This pulse is due to a large pulse of parallel polarized light [see Fig. 6 (f) between 0 and 1 ns and between 3 and 4 ns]. The more irregular behavior obtained for large values of the bias current is also observed in RF spectra: peaks of Fig. 6 (e) are more smeared than those of Fig. 4(g 
THEORETICAL RESULTS
In this section we are going to analyze from a theoretical point of view the correlation properties corresponding to the two linearly polarized modes emitted by the VCSEL subject to orthogonal optical injection. Our rate equation model for the polarization of a VCSEL is based on the SFM [25] . If the parameters are chosen such that the free-running VCSEL emits in the y polarization, orthogonal optical injection is obtained by considering an external field along the x direction. The SFM model equations are given by
where E x;y are the two linearly polarized slowly varying components of the field and N and n are two carrier variables. N accounts for the total population inversion between conduction and valence bands, while n is the difference between the population inversions for the spin-up and spin-down radiation channels. The internal VCSEL parameters are as follows: κ (¼ 125 ns −1 ) is the field decay rate, γ e (¼ 0:67 ns −1 ) is the decay rate of N, γ s (¼ 1000 ns −1 ) is the spin-flip relaxation rate, α (¼ 2:2) is the linewidth enhancement factor, μ is the normalized injection current, γ a (¼ 2 ns −1 ) is the linear dichroism, and γ p (¼ 192 ns −1 ) is the linear birefringence. The fluctuating nature of the spontaneous emission (with a fraction of spontaneous emission photons that goes into the laser mode of β sp ¼ 10 −4 ) is included in our calculations since ξ þ ðtÞ and ξ − ðtÞ are complex Gaussian noise terms of zero mean and time correlation given by hξ i ðtÞξ
The optical injection parameters are E inj and Δω. E inj is the injected field amplitude and Δω is defined as the difference between the angular frequency of the injected light, ω inj , and a reference angular frequency intermediate between those of the x and y linear polarizations, i.e., Δω ¼ ω inj − ðω x þ ω y Þ=2. We have integrated Eqs. (2)-(5) by using the same numerical method for stochastic differential equations used in [26] with an integration time step of 0:01 ps. The evolution of E x is such that the kE inj expðiΔωtÞ term appears in the equation for dE x =dt. However, no injection term appears in the equation for dE y =dt. In this way the increase of the optical injection strength (given by kE inj ) only affects directly to E x , producing 
Time (ns) (h) the PS to the x-polarized mode that has been usually observed in VCSELs since the pioneering work of Pan et al. [16] . We have chosen parameters based on those reported by Al-Seyab et al. [15] for a long-wavelength VCSEL similar to our device. With our parameters, the free-running VCSEL is emitting in the parallel polarized mode (y mode) for all the bias current values, as in the experimental situation. Also, the frequency of the parallel polarized mode is higher than that of the orthogonal linear polarization (x mode): ν y >ν x , like for the VCSEL used in our experiments. The main change with respect to the parameters of [15] is the value of the linear dichroism since we have checked that the value reported in [15] leads to light-current characteristics in which multiple PSs occur as the bias current is increased. Multiple PS appear because both polarizations are stable with the parameters chosen in [15] .
Our first theoretical results illustrate the case in which positive correlation is found between both linear polarizations. Figure 7 (a) shows time traces of the total power and of the power of both polarizations when the bias current is five times the threshold value (μ ¼ 5) and Δν ¼ ν inj − ν x ¼ 5 GHz (similar to Fig. 5 ) and E inj ¼ 0:29. Qualitative behavior is similar to that shown in Fig. 5(b) : both linearly polarized powers oscillate in a correlated way in such a way that both contribute to the almost sinusoidal time trace of the total power. Figure 7(b) shows the time evolution of the total population inversion. N is characterized by a sinusoidal evolution of small amplitude. The decrease of N is related to the increase of the power in both polarizations. The frequency of the oscillations is around 6 GHz, larger than the value of Δν. This is due to the frequency pushing effect that appears due to the positive value of α: when Δν > 0 the resonance wavelength of the orthogonal mode moves away from the injected wavelength as P inj increases. This also means that optical injection is less effective in creating nonlinear effects. In fact the time evolution of the quantities shown in Fig. 7 is nearly sinusoidal. A positive correlation between linear polarizations of Cð0Þ ¼ 0:87 is obtained. CðτÞ takes its maximum value at τ max ¼ 0 ns. The relative phase is given by 0:12π rads. This corresponds to a slight delay of the appearance of the maximum value of the orthogonal polarization with respect to the parallel one, in agreement with our experimental results shown in Fig. 5(b) . Figure 8 shows the time evolution of the total power, the power of both polarizations and N, and the RF spectra when μ ¼ 2:44 and Δν ¼ −2 GHz (similar to Fig. 4) for two different values of the injected power, E inj ¼ 0:0445 and 0.047. Qualitative behavior is similar to that shown in Figs. 4(b) and 4(f) , respectively. Anticorrelated periodic dynamics are obtained for both polarization modes. Increasing the value of E inj to 0.0495 produces simultaneous PS and SL, similar to our experimental results. Nonlinear effects are stronger than those obtained for Δν > 0 because an increase of P inj makes the resonance wavelength of the orthogonal mode approach the injected wavelength. In fact, nonlinear oscillations of all the variables appear in Fig. 8 , in contrast to the sinusoidal evolutions shown in Fig. 7 The interpulse time increases as P inj is increased as can be seen in Figs. 8(a) and 8(b) . Theoretical values of hTi are 2.4, 3:06 ns for Figs. 8(a) and 8(b), respectively. The interpulse time dispersion, σ T , also increases from 25 to 40:9 ps when going from Fig. 8(a) to Fig. 8(b) . The behavior of both hTi and σ T as a function of P inj is in qualitative agreement with the corresponding experimental results reported in Section 3. The lower row of Fig. 8 shows the RF spectrum of the total power and of the power of both linear polarizations for E inj ¼ 0:0445 and 0.047. A similar spectra broadening to that reported in Figs. 4(c) and 4(g) is obtained when E inj is increased. This broadening is related to the observed increase of σ T : decreasing the strength of spontaneous emission noise leads to the decrease of σ T and narrower spectra. Comparison with experimental data also shows that simulations show stronger RF modes than in the experiment. There are several reasons that can contribute for this difference. First, experimental time traces (see Fig. 4 ) have more dispersion in the peaks height than that found theoretically (see Fig. 8 ). Second, although we have used angled polished ferrule connectors in our setup to minimize the optical feedback in the VCSEL, this effect can be still present and degrade the signal to noise in our experimental RF spectra. Third, and more importantly, we do not know for sure the parameters of our VCSEL. In this way extraction of the laser parameters would be desirable for obtaining a better agreement with the experiments.
DISCUSSION AND CONCLUSIONS
For negative (positive) frequency detunings, we have obtained anticorrelated (correlated) operating regimes. We explain this behavior because there is a dynamics of competence between polarizations for Δν < 0 while that dynamics disappears when Δν > 0. For Δν < 0, anticorrelated dynamics appears when the system is approaching the injection locking regime. In this approach [see Figs. 8(a) and 8(b)], the orthogonal polarization tries to reach the constant values of amplitude and phase that characterize the injection locked regime, but it is not able to do it because of the effect of the phase of the injected field. Figure 8 also shows that the average power of the orthogonal (x) polarization is larger than that of the parallel (y) polarization. As discussed in Section 3, optical injection produces a frequency pulling effect such that the powers of both polarizations oscillate at a frequency that is smaller than the frequency detuning. That oscillation frequency coincides with the frequency detuning observed in the optical spectrum that we will call "effective frequency detuning." Optical phase of the orthogonal polarization is also oscillating at the effective frequency detuning. The orthogonal polarization cannot reach the stable locked behavior because the optical injection becomes out of phase with respect to that polarization. In order to clarify this point, we have made further calculations analyzing the amplitude, A i ðtÞ, and the phase, ϕ i ðtÞ, of the electrical fields of both linear polarizations, E i ðtÞ ¼ A i ðtÞ expðiϕ i ðtÞÞ. When writing Eqs. (2)-(5) using the new variables, the evolution of the amplitude of the x polarization is such that a kE inj cosðΔωt − ϕ x ðtÞÞ term appears in the . Simultaneously, N increases until it decreases sharply with the fire of a large amplitude y pulse. In this way one of the two polarization states exhibit large amplitude pulses, while the other exhibits the shoulders. This is the explanation of the anticorrelation observed between orthogonal and parallel polarizations, which is typical of a dynamics of competence between polarizations.
For positive frequency detunings, the system is far from the injection locking regime in such a way that the average powers of the both polarizations are similar [see Fig. 7(a) ]. The optical phase of the x polarization is oscillating at the effective frequency detuning that is larger than the frequency detuning due to the frequency pushing effect. Again, the optical injection can be out of phase with respect to the orthogonal polarization as is seen in Fig. 7(b) in which the kE inj cosðΔωt − ϕ x ðtÞÞ term has been plotted. The phase term induces a modulation of the amplitude of the x-polarization power. That modulation causes a small amplitude sinusoidal dependence of N, in which A x has the typical π=2 delay with respect to N. The modulation of A y is only due to the modulation of N because the optical injection has no effect on this polarization. The small signal change of N causes a small amplitude modulation of A y that has again the π=2 delay with respect to N. In this way correlation between orthogonal and parallel polarizations is obtained.
Summarizing, in this work we have made a theoretical and experimental study of the polarization-resolved nonlinear dynamics of a 1550 nm single-mode VCSEL subject to orthogonal optical injection. Simultaneous measurements of the time traces of the power of both linear polarizations have permitted us to evaluate their contribution to the dynamics of the total power. We have characterized the periodic, period doubling, and irregular dynamics that appear for both polarizations in terms of time traces and power spectra. We have obtained that the correlation properties of both linear polarizations depend on the frequency detuning between the injected frequency and the frequency of the suppressed orthogonal mode of the solitary laser. For positive frequency detuning values, we have usually found that orthogonal polarization is the only polarization that contributes to the dynamics of the total power. Only correlated periodic dynamics in both linear polarizations has been found near the border of the periodic region, when the bias current is large and optical injection strength is small. For negative frequency detuning values, the correlation properties change because we find anticorrelated dynamics in both linear polarizations. This dynamical regime is characterized by a larger influence of nonlinear effects that produce anticorrelated trains of pulses in both linear polarizations. These trains of pulses have been characterized by the average and dispersion of the time elapsed between consecutive pulses, the interpulse time. We have shown that both the average and dispersion of the interpulse time increase as the injected power is increased. We have also shown that the appearance of broad power spectra that characterizes the irregular dynamics is related to large values of the dispersion of the interpulse time. We have also analyzed the relative phase between the oscillations observed in the time traces of the optical power of both polarizations. Good qualitative agreement has been demonstrated between theory and experiment. Our results show that optically injected 1550 nm VCSELs are sources of stable periodic oscillations. Low-cost characteristics of these systems makes them potential candidates for generation of stable RF signals for use in RoF applications [27] .
